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A Method for Estimating Clear-Sky Instantaneous
Land-Surface Longwave Radiation With GOES
Sounder and GOES-R ABI Data
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Abstract—This letter presents new models for estimating
clear-sky instantaneous longwave radiation over land surfaces
using the Geostationary Operational Environmental Satellites
(GOES) Sounders and GOES-R Advanced Baseline Imager (ABI)
thermal infrared top-of-atmosphere (TOA) radiances. The method
used in this study shares the same hybrid method framework
designed for Moderate Resolution Imaging Spectroradiometer. We
propose separate surface downward longwave radiation (LWDN)
and upwelling longwave radiation (LWUP) models because the two
components are dominated by different surface/atmospheric prop-
erties. A nonlinear model was developed to estimate LWDN, and
a linear model was developed to estimate LWUP. The GOES-12
Sounder-derived LWDN, LWUP, and surface net longwave radi-
ation (LWNT = LWUP-LWDN) were evaluated using one full-
year of ground data from the Surface Radiation Budget Network.
The root-mean-squared errors (rmses) are less than 22.03 W/m? at
all four sites. Our study indicates that the hybrid method can also
be applied to estimate LWUP using the future GOES-R ABI TOA
radiances. The lack of a channel beyond 13.3 p4m in the proposed
ABI design may cause larger rmses when estimating LWDN.

Index Terms—Geostationary Operational Environmental Satel-
lite (GOES)-R Advanced Baseline Imager (ABI), GOES Sounder,
land, longwave radiation, remote sensing, Surface Radiation Bud-
get (SRB).

I. INTRODUCTION

HE EARTH’s Surface Radiation Budget (SRB) plays an

important role in determining the thermal conditions of
the atmosphere, oceans, and land. It is valuable for address-
ing a variety of scientific and application issues related to
climate trends, land-surface modeling, and agriculture [3]-[5].
The surface longwave radiation budget [(SLRB), 4-100 pm]
consists of surface downward longwave radiation (LWDN),
upwelling longwave radiation (LWUP), and net longwave ra-
diation (LWNT = LWUP-LWDN). LWNT is one of the two
components—the other being surface net shortwave radiation—
in surface net radiation, which is the key driving force for
evapotranspiration. High-resolution SLRB (down to 1 km) are
important diagnostic parameters for mesoscale land surface
and atmospheric models, particularly over mountainous areas
and other heterogeneous surfaces [6], [7]. However, previous
studies [3]-[5], [8]-[12] have focused on estimating SLRB
from coarse spatial resolution satellite data and cannot capture
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the detailed variations over heterogeneous surfaces. Wang and
Liang [1] and Wang et al. [2] proposed a new framework to
estimate high spatial resolution clear-sky SLRB using top-of-
atmosphere (TOA) radiances from the Moderate Resolution
Imaging Spectroradiometer (MODIS) onboard the National
Aeronautics and Space Administration Terra and Aqua Earth-
observation system polar-orbiting satellites. However, MODIS
Terra and Aqua only observe the Earth four times daily at a low
altitude and may not meet temporal requirements of different
applications [13].

National Oceanic and Atmospheric Administration (NOAA)
Geostationary Operational Environmental Satellite (GOES)
Sounders and MODIS are complementary when estimating
SLRB over land. MODIS features global coverage and low
temporal resolution (four overpasses per day) [14], and the
GOES Sounders have a high temporal resolution (30 to 60 min)
between the 20° N and 50° N latitudes [15]. The spatial res-
olution of GOES Sounders is coarser (~10 km) than MODIS
but finer than the satellite data (20-40 km) used for gener-
ating the existing SLRB products [16]-[18]. The spatial and
temporal resolutions of the future GOES-R Advanced Baseline
Imager (ABI) thermal infrared (TIR) channels will be further
improved to 2 km at every 5 min over the Continental U.S.
(CONUS) region [15]. MODIS, GOES Sounders, and GOES-R
ABIT have similar TIR channels (see Table I). This letter presents
new models for estimating instantaneous clear-sky LWDN
and LWUP from GOES Sounders and GOES-R ABI TOA
radiances. The models were developed using the same hybrid
method framework originally designed for MODIS [1], [2].
Section II presents this general framework. The GOES Sounder
models and validation results are discussed in Section III.
Section IV examines the feasibility of applying the framework
to GOES-R ABI observations. Lastly, Section V summarizes.

II. GENERAL FRAMEWORK OF THE HYBRID METHOD

The general framework of the hybrid method (see Fig. 1)
consists of two steps. The first step is to generate simulated
databases using extensive radiative transfer simulation. The
physics that govern the SLRB are embedded in the radiative
transfer simulation processes. The second step is to conduct a
statistical analysis of the simulated databases to derive LWDN
and LWUP models. Previous studies [19]-[21] have applied
similar ideas to determine land-surface broadband albedo and
surface insolation.

A radiative transfer simulation requires representative at-
mospheric profiles and emissivity spectra of different land
surfaces. Theoretically, the greater the number of representa-
tive atmospheric profiles and emissivity spectra employed, the
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TABLE 1
COMPARING GOES-12 SOUNDER, GOES-R ABI, AND MODIS TIR CHANNELS (ONLY CHANNELS RELEVANT TO SLRB
ESTIMATION WERE LISTED; OTHER GOES SOUNDERS HAVE SIMILAR CHANNELS AS GOES-12 SOUNDER)

GOES 12 Sounder GOES-R ABI MODIS
Band Central Band Central Band Central Primary Use
‘Wavelength (pum) Wavelength (um) ‘Wavelength (jum)
1 14.71
2 14.37 36 14.235
3 14.06 35 13.935 Temperature
4 13.64 34 13.635 sounding
5 13.37 16 13.30 33 13.335
6 12.66
7 12.02 15 12.30 3 12.020 Surface
8 11.03 14 11.20 31 11.030 temperature
13 10.35
9 9.71 12 9.61 30 9.730 Ozone
11 8.50 29 8.550
10 7.43 10 7.34 28 7.325 Water vapor
11 7.02 9 6.95
12 6.51 27 6.715
Atmosphere Profiles Database Emissivity Library ature and moisture between two profiles at different altitude
irr?g:;sry nerameard e levels. The final profile database consists of ~8000 profiles
l I (for LWDN). A smaller database (~2000 profiles, for LWUP)
was generated by further reducing the number of profiles using
[ moptrANs | 1 R
arger similarity thresholds. T, surface pressure (P), column
water vapor (1), and surface elevation (H) that correspond
s eth‘r’::)rwou Speotral Surface Rse,;ec;:.;.e to each plToﬁle are also available in .the MO.D07_L2 product.
S0 e Longwave emission Seapanss Surface air temperature (7,), was linearly interpolated from

Surface-TOA Transmittance

.| TOA Radiances |,
LWUP

Simulated LWDN Databases
TOA Radiances
LWDN

Simulated LWUP Databases
TOA Radiances
LWUP

Clear-Sky
LWUP Model

Flowchart of the hybrid method framework.

Clear-Sky
LWDN Model

Fig. 1.

better the model is derived. However, we had to limit the size
of the simulated databases because radiative transfer simulation
is time consuming and data-handling capacity of statistical
software packages is restricted. Clear-sky LWDN is dominated
by near-surface atmospheric temperature and moisture condi-
tions but is not sensitive to surface emissivity (¢). Accordingly,
we generated the LWDN simulated databases using a larger
atmospheric profile database and a smaller emissivity library.
LWUP is dominated by surface temperature (75) and € but is
not sensitive to atmospheric conditions. Therefore, a smaller
atmospheric profile database and larger emissivity library were
used for the LWUP simulated databases.

Atmospheric profile databases were generated using two
years (2001 and 2004) of MODIS Terra-retrieved atmospheric
product (MODO7_L2, v5) [22] over the North American con-
tinent. For each profile, the temperature and moisture values
in layers below 10 km were resampled to fixed altitude levels.
Representative profiles were selected by comparing new pro-
files with those already in the database and excluding similar
profiles based on empirically determined similarity thresholds.
Similarity is defined as the sum of the weighted (w=1/(A+1),
where A is the altitude in km) absolute difference in temper-

MODO07_L2 temperature and pressure profiles and P.

The emissivity libraries for the LWDN and LWUP radiative
transfer simulations are also different. The plant functional type
(PFT) of each profile was identified using a collocated MODIS
land cover product (totally, nine PFTs) [23]. For LWDN, one
emissivity spectrum from the John Hopkins University emis-
sivity library (nine spectra used, corresponding to nine PFTs)
[24] was assigned to each profile based on its PFT. For LWUP,
multiple emissivity spectra from the University of California
Santa Barbara emissivity library (59 spectral used, similar
spectra excluded) [25] were assigned to each profile based on its
PFT to achieve a better representation of € variations over land.

Separate simulated databases for LWDN or LWUP were
produced using the aforementioned atmospheric profile data-
bases and emissivity libraries. This study assumes a Lambertian
surface. For each profile, LWDN (4-100 pm), spectral LWDN,
thermal path radiance, and atmospheric transmittance were
simulated using the Moderate Resolution Transmittance Code
Version 4 [26]; 11 surface longwave-emission situations were
calculated (7; was assigned by offsetting 77, from —10to 10 K,
with an increment of 2 K). LWUP (4-100 pm) was synthe-
sized using surface longwave emission, reflected LWDN, and
broadband . TOA radiances were calculated at five fixed sensor
viewing zenith angles (VZA = 0°,15°,30°,45°, and 60°). To
facilitate statistical analysis, the simulated databases consisted
of LWDN (or LWUP), TOA radiances, and supporting variables
(broadband ¢, H, P, T, T, and W). In total, ~440000 (for
LWDN) or ~720000 (for LWUP) simulated situations were
generated.

LWDN and LWUP models were derived using the simulated
databases. We tested different formulations of these models
based on physics that govern LWDN and LWUP. Stepwise
regression was employed to identify the channels and nonlinear
terms that are ideal for estimating LWDN and LWUP. Separate
regression coefficients for the five fixed VZAs were estimated



710 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 7, NO. 4, OCTOBER 2010

TABLE 1I
GOES-12 SOUNDER NONLINEAR LWDN MODEL-FITTING RESULTS

TABLE III
GOES-12 SOUNDER LINEAR LWUP MODEL-FITTING RESULTS

VZA 0° 15° 30° 45° 60° VZA 0° 15° 30° 45° 60°

day -44.8722  -51.6357  -72.1654  -120.3777 - by 124.9927 1259401 128.9878 1352046  148.1727

a; 96.3724 97.1171 99.3169 106.5137  126.804 by -130.4156 -132.0319 -137.2860 -148.0604 -170.4925

a; 2.6209 2.5206 2.1459 1.5720 0.9204 b; 153.7796  155.1242  159.4967 168.4509  187.0587

a; 1.4669 1.4733 1.5315 1.6141 1.8386 b; 4.6375 4.8304 5.4884 6.9761 10.5636

ay 2271931 269319 -26.3887  -25.1835 - Std. Err. (¢) 299 3.04 321 3.64 4.95

as 35.4804 35.1178 34.3086 32.0538 25.9863 R? 0.999 0.999 0.999 0.998 0.997

ag -92.2204  -93.7095  -97.6262  -108.2041 -

a; 43.5084  46.8090  56.2904 793296 131608  where [, is the LWUP, and b; (j =0,3) is the regression

as -27.0000  -26.7329  -25.9316  -24.5630 - coefficient. Table III summarizes the GOES-12 Sounder LWUP

a, -1.9935 -1.9968 2.0179 20717 21967  model-fitting results. The model accounts for more than 99% of
Std. Exr. (€) 14.78 14.82 14.91 1513 15.63 variations in the sirr%ulated databases, with biases of zero, and e

R 093 0936 0.935 0933 0930 1os8 than5.00 W/m?.

for each model. The LWDN, or LWUP, at an arbitrary VZA was
calculated using linear interpolation. We used all simulated data
for deriving models. The models’ performance, including root-
mean-squared errors (rmse) and biases, was evaluated using
ground measurements.

III. GOES SOUNDER SLRB MODELS AND EVALUATION
A. LWDN Model

Clear-sky LWDN is dominated by near-surface atmospheric
temperature and moisture conditions. Accordingly, GOES
Sounder channels 4—6 (lower tropospheric and near-surface air
temperature), 7-8 (75), and 10-12 (atmospheric water-vapor
content) were considered in our statistical analysis. The surface
pressure effect in LWDN [9] was considered using Wang and
Liang’s method (using H as a surrogate of surface pressure)
[1]. Equation (1) shows the GOES Sounder nonlinear LWDN
model (similar to the MODIS nonlinear LWDN model)

Fqg=ao+ Ly <a1 +asLis +aslig+asls +asly

where Fjy is the LWDN; L; is TOA radiance at channel i
(W/m?/um/sr); and a; (5 = 0,9) is the regression coefficient.
Table IT summarizes the GOES-12 Sounder LWDN model-
fitting results at five VZAs (other GOES Sounders have nearly
equivalent fitting results). The nonlinear model explains more
than 93% of variations in the simulated databases, with biases
of zero and standard errors (e) of less than 16 W/m? (~6%
under typical conditions). H explains ~1.5% of variations. The
three ratio terms represent column water vapor and explain
~1% of variations. Model performances were further evaluated
using ground measurements in Section III-C.

B. LWUP Model

LWUP is dominated by 7 and €. A linear model was de-
veloped to estimate LWUP using GOES Sounder channels 10,
8, and 7 (atmospheric water-vapor content and 75, comparable
with MODIS channels 29, 31, and 32) [2]

Fy =bg+biLy +baLg + bzl 2

C. GOES-12 Sounder Models Evaluation and Discussions

The GOES-12 Sounder LWDN and LWUP models were
validated using one year’s (2007) ground measurements from
the SRB Network (SURFRAD) at four sites (Bondville, IL;
Sioux Falls, SD; Penn State, PA; and Boulder, CO), with VZAs
of less than the largest VZA considered in radiative transfer
simulation (60°). The ground instruments (precision infrared
radiometer, Eppley Laboratories) are elevated ~8 m above
the surface, with maximum signals from 45°, and an overall
accuracy of 9 W/m? [27]. The footprint for LWUP is larger than
200 m?. Clear-sky observations were identified using GOES-12
Sounder cloud product [28]. Manual screenings were used to
remove obviously cloud-contaminated data points caused by
failures within the cloud product.

Table IV presents the GOES-12 Sounder validation results.
MODIS Terra validation results obtained from two former
studies [1], [2] were also listed for comparison. Figs. 2 and 3
show validation plots at two representative sites: Bondville
and Boulder. The bias patterns in GOES-12 Sounder-derived
LWDN and LWUP are similar to those of MODIS. The
LWDN biases range from —0.32 to 9.50 W/m? (average of
3.99 W/m?). No significant relationship was found between
biases and VZAs. However, LWDN tends to be underestimated
at high T, T,, and W conditions at all sites, due to the
limited number of high temperature/moisture profiles of current
profile databases. Consistent negative biases exist in GOES-12
Sounder-derived LWUP (from —0.86 to —14.27 W/m?2; average
of —7.76 W/m?). Similar negative biases were also observed
in MODIS-derived LWUP (average of —8.75 W/m?). A bias
of —8 W/m? was adjusted to LWUP when LWNT was calcu-
lated, (LWNT = LWUP + 8 — LWDN). The adjustment was
estimated using the averaged biases in GOES-12 Sounder and
MODIS-derived LWUP at all SURFRAD validation sites.

In all cases, the rmses of the GOES-12 Sounder-derived
SLRB are less than 22.03 W/m?, which is slightly larger than
MODIS (see Table IV). However, the rmse is comparable with
those of the existing data sets (21-33.6 W/m?) [16]-[18]. The
error caused by spatial mismatch between satellite observations
and ground-instrument footprint is larger for GOES Sounder.
Using 18 coincident clear-sky cases in 2007, the variability of
the 1-km MODIS-derived SLRB within the GOES-12 Sounder
footprint was studied at the Bondville site. The standard de-
viations of MODIS-derived LWDNSs are ~4 W/m?2, which are
slightly smaller than those for LWUP (< 6 W/m?, except
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TABLE 1V
COMPARING GOES-12 SOUNDER AND MODIS TERRA LWDN (NONLINEAR) AND LWUP (LINEAR) MODEL VALIDATION RESULTS
GOES-12 Sounder MODIS
Unit: W/m® 40n LWND LWUP LWNT LWDN LWUP LWNT
s Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE
Bondville 1740 | -032 2203 -368 1669 463 2052 [-220 1941 949 1775 397 19.12
Sioux Falls 1004 144 1844  -1427 1959 770 1902 | -265 1687  -13.55 1787 243 17.08
Penn State 837 950 2087  -086 1461 235 2037 [-052 1673 732 1272 137 18.92
Boulder 747 533 1812 -1223 2090 955 1924 | 972 2035 462 1924 969 1938
Averaged 399 1987 776 1795 374 1981 | 1.09 1834 875 1690  -1.70 18,63
Bondville Boulder site is ~25 W/m?, which is smaller than that of an alternative
o| Bias-032 & 8l Bias:5.33 P temperature-emissivity method.
5 § RMSE:2203 S| Y| RMSE: 1812 g : ; ;
g Rh2. 088 p 45 g RA2. 086 513 The atmospheric profile databases used in this study could
E 0. % Eo 0. £
283 S Ny & be another source of errors. The databases were generated
%t 5 % . . .
g s K % g o s using atmospheric profiles retrieved from MODIS Terra (local
% 2 b . % 8 E " overpass 10:30 A.M. and 10:30 P.M.). Wang and Liang [1] and
° : s .
g a .l ) $g o S Wang et al. [2] indicated that the databases represent MODIS
E gl . § « %::’“ Aqua overpass well. However, the databases may not represent
IS * . .. .
S S all atmospheric conditions for GOES Sounder observations
LR . . . o
= . (every 60 min), particularly when 7T, and 7T are similar.

150 200 250 300 350 400
Ground-Measured LWDN (W/m2)

200 250 300 350 400
Ground-Measured LWDN (W/m2)

Fig. 2. GOES-12 Sounder-derived LWDN validation results at the Bondville
and Boulder sites.

Bondville Boulder

Bias: -3.68
RMSE : 16.69
R2:0.94

Bias: -12.23
RMSE : 20.9
R"2:0.96

500

400
%

"

Predicted LWUP (W/m2)

Predicted LWUP (W/m2)
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300

o
* Kk

250 300 350 400 450 500 550
Ground-Measured LWUP (W/m2)

300 400 500 600
Ground-Measured LWUP (W/m2)

Fig. 3. GOES-12 Sounder-derived LWUP validation results at the Bondville
and Boulder sites.

for one daytime case). The difference between the averaged
MODIS-derived and GOES-derived SLRB is ~6 W/m?.

It is more challenging to account for atmospheric water-
vapor effects and ¢ angular effects at larger VZAs. Model-
fitting results (see Tables II and III) indicated that LWDN and
LWUP models have slightly larger e and smaller explained
variance (R?) at larger VZAs. Our validation results only give
the model performances at VZAs between 45° and 60° because
the VZAs of all four sites fall in this range. The MODIS
LWDN and LWUP models were evaluated using data points
that are nearly evenly distributed at all VZAs [1], [2]. The
MODIS results indicated that the rmses for observations with
VZAs <=30° are ~3 W/m? smaller than those with VZAs >
30°. Therefore, the overall GOES-12 Sounder rmses under all
VZAs should be comparable with the rmses presented here.

The Lambertian surface assumption in the radiation transfer
simulations may cause a larger error in LWUP over sparsely
vegetated surfaces because of the directional effect in €. How-
ever, no validation site is available to evaluate the performance
of the GOES-12 Sounder model over such surfaces. Wang et al.
[2] validated the MODIS LWUP model at a sparsely vegetated
site (Desert Rock, NV) using two-year’ ground data and at
all VZAs. The linear MODIS LWUP model rmse over this

IV. ESTIMATING SLRB FrROM GOES-R ABI DATA

The first GOES-R series satellites, which are the next gen-
eration of NOAA geostationary satellites, are scheduled to be
launched in 2015. SLRB is among the planned operational
products of the GOES-R program [15]. Benefiting from the im-
proved instrument technology and spatial/temporal resolutions,
more timely and accurate SLRB may be retrieved using the
anticipated GOES-R ABI data.

We investigated the feasibility of applying the hybrid method
framework to the GOES-R ABI data, using the simulated spec-
tral response functions from the Space Science and Engineering
Center at the University of Wisconsin (Mr. T. Schmit, personal
communication, 2007). The radiative transfer simulation and
statistical analysis for ABI are similar to those for MODIS and
GOES-12 Sounder. Equations (3) and (4) are the preliminary
ABI (full system) LWDN and LWUP models, i.e.,

Fy,cors—r =c¢co + L5

X | e1 4 calng + calig + calg

Lis  Lig Ly
Foes B 4 eg=S e,y H | (3
L Ly "Ly, ©)

Fycoes-r =do +diL11 +doLig 4 d3sLig + dyLys.  (4)

The ABI model-fitting results (see Fig. 4) are also similar to
those of GOES Sounder and MODIS. No concerns exist for the
LWUP model because all channels used in MODIS and GOES
Sounder LWUP models are available in ABI. Moreover, ABI
has an additional window channel at 10.35 pm that can also be
used for estimating LWUP.

Following the general framework, LWDN may not be esti-
mated accurately using the ABI data. ABI has only one temper-
ature sounding channel at 13.3 pm (weighting function peaks
at surface) and beyond. The atmospheric radiation above 500 m
from the surface contributes ~20% of the total LWDN [3].
Wang and Liang’s MODIS study [1] and the GOES Sounders’
results indicate that a lower tropospheric temperature sounding
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(a) (b)

| Bias: 0.06
StdErr : 15.45 *
R*2:0.92 S

T Bias: 0
StdErr:3.12
- R"2:1

Simulated LWDN (W/m2)
150 200 250 300 350 400
L
»
Simulated LWUP (W/m2)

200 300 400 500 600 700

T T T T T T T T T T T T
150 200 250 300 350 400 200 300 400 500 600 700

Fitted LWDN (W/m2) Fitted LWUP (W/m2)

Fig. 4. GOES-R ABI (a) nonlinear LWDN and (b) linear LWUP model-fitting
results.

channel at ~13.64 pm (weighting function peaks at ~2 km
above surface) is necessary to provide atmospheric temperature
information from above 500 m. We modified the GOES-12
Sounder LWDN model to use channels only available in
GOES-R ABI. The modified model explains ~1% less vari-
ations in the simulated database—primarily due to the lack
of 13.64 pm channel. Ground validation results show that
this modified model has large rmses (> 40 W/m?) and biases
(> 20 W/m? under high 7, conditions) at all sites. The
GOES-R ABI was expected to have a companion advanced
sounder (the Hyperspectral Environmental Suite) that featured
longer wavelength coverage. Unfortunately, it was removed due
to a budget shortfall.

V. SUMMARY

This letter has presented new models for estimating instan-
taneous clear-sky LWDN and LWUP over land using GOES
Sounders and GOES-R ABI TOA radiances. The models were
derived from a hybrid method that shares the same general
framework as that published by Wang and Liang [1] and
Wang et al. [2]. The GOES-12 Sounder-derived LWDN, LWUP,
and LWNT were validated using one-year SURFRAD ground
measurements, with rmses of less than 22.03 W/m? at all sites.
Our study indicates that the hybrid method can also be used to
estimate LWUP using the future GOES-R ABI TOA radiances.
However, the lack of channel beyond 13.3 pm in the proposed
ABI design may cause larger rmses when estimating LWDN.
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